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Abstract: Niobium oxides (NbO, NbO,, Nb,Os), being a versatile material has achieved tremendous
popularity to be used in a number of applications because of its outstanding electrical, mechanical,
chemical, and magnetic properties. Nb,O, films possess a direct band gap within the ranges of
3.2-4.0 eV, with these films having utility in different applications which include; optical systems,
stainless steel, ceramics, solar cells, electrochromic devices, capacitor dielectrics, catalysts, sensors,
and architectural requirements. With the purpose of fulfilling the requirements of a vast variety of the
named applications, thin films having comprehensive properties span described by film composition,
morphology, structural properties, and thickness are needed. The theory, alongside the research
status of the different fabrication techniques of Nb,O, thin films are reported in this work. The impact
of fabrication procedures on the thin film characteristics which include; film thickness, surface quality,
optical properties, interface properties, film growth, and crystal phase is explored with emphases on
the distinct deposition process applied, are also described and discussed.

Keywords: niobium oxides; thin films; solar cells; fabrication; properties; applications; film thickness;
optical systems

1. Introduction

Niobium, a chemical substance having a symbol of Nb, is a ductile transition metal which is light
grey in colour with a crystalline structure [1]. Nobium, also is known as columbium and titanium
in their pure states, possess similar hardness [2], as well as a ductility comparable to that of iron.
Niobium can often be discovered in pyrochlore and columbite minerals, resulting in its previous
name of “columbium”. The oxidation of niobium in the earth’s atmosphere is extremely slow, thus its
utilization in jewellery as a hypoallergenic substitute to nickel [3]. Niobium alongside its oxides are
crucial and strategically high materials of technology. Niobium oxides bring about several diverse and
remarkable properties, ranging from its solid appearance in nature, to its, melting point of 1512 °C, its
insolubility in water but solubility in hydrogen fluorides (HF), its density and molecular weight of
4.47 g/em?® and 265.81. All these to a large extent, make it a flexible group of material. Precisely, niobium
oxides have shown enormous potentials in numerous applications of technology which include,
transparent conductive oxides, solid electrolytic capacitors, photochromic devices, dye-sensitized solar
cells and memristors.

Niobium oxides which are n-type semiconductors are inclusive of, but not limited to; niobium
dioxide (niobium (IV) oxide) NbO,, niobium monoxide (niobium (II) oxide) NbO, niobium pentoxide
(niobium (V) oxide) Nb,Os, as there are other different oxides of the metal. Each of these oxides
of niobium have distinct electrical characteristics which ranges from metallic conducting NbO
to semiconducting NbO, with k (kappa) value of 3.9 [4], and then insulating Nb,Os [5], which
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thermodynamically, is the most stable oxide, with the smallest available energy formation [6,7].
However, the existence of NbO and NbO; in a film, would influence the general properties of the
Nb,Os films [8]. Niobium pentoxide (Nb,Os) is consistently formed when sufficient oxygen is supplied
during the reaction process. Nevertheless, when other oxides of niobium are required, there should be a
limitation to the quantity of oxygen supplied to avoid the production of Nb,Os. The difficulty here is in
discovering the appropriate amount of oxygen flow rate needed to attain the needed stoichiometry [9].
A study, which was performed by Venkataraj et al. [10], stated that an oxygen flow rate beyond 7 sccm
was adequate for the formation of the pentoxide film, though no report was made on the fabrication
of the other oxide films. However, the system of niobium—oxygen is remarkably a complicated one,
because very little deviations in the precise stoichiometry of Nb,Os5 greatly influences the material’s
physical properties. For example, with little deficiency in oxygen, the Nb,Os transits from insulating
to n-type semiconducting properties [11].

The finding of electrochromism by Reichman and Bard from Nb,Os in the year 1980 [12], resulted
in the oxide being comprehensively researched after being discovered as an encouraging electrochromic
material for its application in devices due to its exceptional chemical stability as well as corrosive
resistivity in both acid and base forms. This electrochromism is an occurrence in relation to a continuous
and reversible optical change generated electrochemically, of which its macroscopic effect is a colour
change [13]. Thin films of niobium oxide exhibit transparent to brownish, grey or blue electrochromism
with the introduction of ions like Li* or H*, and this alters the optical transmittance to 24% from an
initial 78% (1 i 600 nm) with a colouring or bleaching kinetic of about 10 s. However, the standard
of an electrochromic material is measured based on its coloration efficiency, which is its contrast in
transmittance between the coloured or bleached states as a result of the injected charge, the time of
response, and the chemical stability. Consequently, these features are contingent on the Nb,Os film’s
material characteristics. [14]. One of the advantages of Nb,Os films over tungsten oxide is this ability
of it being able to obtain various colours, ranging between brown amorphous layers to blue crystalline
layers [15]. Therefore, based on its crystalline nature, the transparent NbyOs thin film in its reduced
state shows distinct colours of blue, brown or grey [16].

The similarities between the properties of microscopic and macroscopic materials, as well as
their deposition variables, provides very essential guidance and direction towards the optimization
of materials for different applications. This particularly, is typical of oxides of niobium, as films of
niobium oxides display varying electrical and optical features as a result of their deposition techniques
and production parameters [17]. Niobium oxide films have been suggested to be used in a vast
array of technical applications, which include, sensing materials [18-20], assisting with the process of
catalysis [21-23], and for use as biocompatible coatings [24-26]. Niobium (V) oxide (Nb,Os) which
possesses a high dielectric constant and a high refractive index of 200 and 2.4 respectively, with also a
broad band gap of 3.2-4.0 eV, can be employed in many different applications like; electrochromic
devices, capacitor dielectrics, oxygen sensors, solar cells and catalysts [27-29]. Niobium pentoxide
which is a transparent dielectric material is a perfect material for use in the development of capacitors,
and in the application of optical systems [30]. As a result of its higher permittivity in contrast to
that of TayOs, it has been proposed as a logical alternative for Ta;Os in the application of capacitors
of solid electrolyte tantalum/tantalum pentoxide (Ta;Os) [31], in which the dielectric layer of the
oxide is produced via a porous metal powder compressed by anodic oxidation. This is because, not
only does it have comparable anodization characteristics to Ta;Os but also offers the benefit of more
abundance in the nature, thus the reduction in price of raw materials [32-34]. Also, a comprehensive
study has been performed on the pentoxide labelling it as gate dielectrics in complementary metal
oxide semiconductors (CMOS) components [35] which as well displays exceptional catalytic qualities.
High-«k (kappa) Nb,Os can be used as a substitute to the traditional gate dielectric of SiO; [3,9], so as
to satisfy the requirements for miniaturization of the dynamic random-access memory along with the
complementary metal oxide semiconductor components [36,37]. The composition of the Nb,Os films is
literally affected by the partial pressure of oxygen and the deposition temperature which may probably
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lead to an alternation in the dielectric constant [38]. Latest reports have included the incorporation of
Nb,Os in electrode materials of electrochemical applications, and this has brought about outstanding
performance which is largely attributed to the intercalation pseudo-capacitance effect of the doped
Li* [7,39,40]. Niobium monoxide which is a metallic material has a superconductivity at 1.38 K [41],
thus, is being utilized in superconducting circuits as a resistor [42].

Niobium dioxide itself is a semiconductor which has exceptional field-switching qualities [43],
and has proved itself as an encouraging assistance for platinum in the oxidation of methanol as
well as a reducing agent in fuel cell technologies [44]. Niobium dioxide experiences a transition
from metal to insulator with drastic transformations in resistivity and magnetic sensitivity, as well
as a concurrent structural transformation to a rutile structure from a rutile twisted structure [45].
NbO,’s transition characteristics have so much similarity with those of Vanadium dioxide (VO;) [46].
However, NbO,’s transition temperature is far greater than VO,’s, (approximately 340 K), making it
less vulnerable to Joule heating and thus more attractive in circuit applications. Itis stated that the metal
insulator transition (MIT) in NbO, could also be activated by an applied electrical field [47,48], thus
making it appealing for use as a switching material which can possibly be utilized as nanoelectronic
devices [47]. Regardless of the NbO,’s desirable features, experimental works on NbO; thin films have
been minimal as a result of the challenges faced in the production of NbO, films of high quality. Its
production is difficult since Nb** does not exist as a stable niobium oxidation state and thus is easily
over-oxidized [49]. Previous works indicated that amorphous and polycrystalline films of NbO, were
formed by sputtering an NbO, material from the reduction of Nb,Os through the chemical vapour
transport method [50].

Due to its high electrical properties, niobium oxide has been employed as a dopant for a number
of materials such as tin, vanadium, lead, tungsten, titanium, bismuth and zinc. However, one problem
with niobium oxide is its complex crystal system which consists of a wide variation of polymorphic
forms [51], even though these polymorphic forms brings about interesting successions with regards to
structural phases. These phases are usually determined by the NbOg octahedral groups, which form
different arrangements from the rectangular block of columns. The most frequently identified phases
were termed H, M, T, B and TT, with their occurrences resting on the techniques and conditions used
in preparation. For example, the most thermodynamically stable is the H-phase [52], and it is the one
produced at temperatures beyond 1000 °C. The other phases of T [53] and TT [54,55] acquire stability
at temperatures ranging between 650-800 °C and 300-550 °C respectively. Nb,Os has a wide range
of features, based on their crystalline modifications. The H-phase has a high dielectric constant of
approximately 100 [56], the T-phase is highly electrochemically stable with an outstanding cycling
performance [57], while the electrochromic devices are especially interested in the TT-phase.

Many different effective deposition procedures have been implemented for the production of the
thin films of Nb,Os which consists of, sol gel process [58], chemical spray pyrolysis [16], sputtering [14],
pulsed laser deposition [18], biased target ion beam deposition [49] electron beam evaporation [59],
electrochemical deposition process [60], chemical vapour deposition (CVD) [17] and atomic layer
deposition (ALD) [61].

2. Properties of Niobium Oxide Thin Films

2.1. Surface Morphology

The translucent niobium oxide solid material which is insoluble in water is stable in air, possessing
a fairly complex structure that exhibits substantial polymorphism [62,63]. Nb,Os has about 15
polymorphic forms which have been recorded hitherto. As shown in Table 1 and Figure 1, Monoclinic
(H-Nb,Os), pseudohexagonal (TT-NbyOs) and orthorhombic (T-Nb,Os) are typically the predominant
crystal structures [64-66]. Amorphous NbO is usually attained after a low temperature deposition
process, which afterwards crystallizes to TT or T phases at a temperature of 500 °C. Then at a medium
temperature of 800 °C, it changes to the tetragonal M phase, which subsequently develops into the
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H phase at a temperature higher than 1000 [63,67]. Irrespective of the overall temperature influence,
the preparation technique, the type of starting material, and the existence of contaminants alongside
other interactions play a crucial part in the production of the resultant Nb,Os crystal [66,67]. The best
thermodynamically stabilized crystal phase is H-Nb,Os and it is often formed once subjected to heat
at temperatures beyond 1000 °C, whereas the forms of TT and M-Nb,Os are often metastable [68].

Table 1. Lattice parameters of TT, T, M and H phases of niobium oxide (Nb,Os5) modified from [63].

Lattice Constant

Crystal Phase Space Group a(A) bA) c(A) Temperature (°C) Refs
Tetragonal I4/mmm 20.44 383 3.82 900 [68,69]
Pseudohexagonal P6/mmm 3.60 3.61 3.92 500 [70,71]
Monoclinic f =119.9° + 04°  P12m1, P2, P2/m  21.14 3.82 1945 >1000 [64,72,73]
Orthorhombic Pbam 6.19  3.625 3.94 - [70,74]

Figure 1. Structural stages of H-Nby;Os, O-Nby;Os and M-Nb,Os, together with the Nb,Os crystal
phase evolving with respect to temperature [75].

2.2. Electrical Qualities

Niobium oxide (Nb,Os) is an n-type semiconductor of wide band gap. It possesses a conduction
band which comprises of vacant Nb>* 4d orbitals and possess a 0.2-0.4 eV conduction band value
which is greater than that of titanium dioxide [76]. The band gap energy of niobium oxide has been
described to be within the ranges of 3.1 to 5.3 eV (semiconductor to insulator with conductivity) [77].
However, it is feasible to adjust the of niobium oxide (Nb,Os) band gap and variables like stoichiometry,
heat treatment, crystallinity, and integrated external ions may be able to unusually impact the band
gap energy. Prior literatures have additionally disclosed that reducing the niobium oxide (Nb,Os)
dimensions to nanoscale causes a blue shift in the energy gap, and this could be ascribed to the
quantum size effect [63,78]. Importantly, nanostructure niobium oxide (Nb,Os) possesses particle sizes
which could have a huge effect on the material’s electronic structure [79]. The difference of 0.25 eV
between them is as a result of the blue shift of the porous nanotubes’ absorption edge. This is relative
to the solid nanorods in respect to the quantum-size effect in the hollow nanotubes of Nb,Os [80]. In
some semiconductors, the amount of charge carriers in Nb,Os is tied directly to the faulty metal oxide
structure, which is temperature and oxygen pressure dependent.

In one of Le Viet et al. [64] studies, he experimentally investigated the crystalline Nb,Os nanofibers
band gap (hexagonal, orthorhombic and monoclinic) which were sintered at three distinct temperatures
of 1100, 500 and 800. With reference to the Tauc plots which was obtained from the absorption spectra
in Figure 2, they made a discovery that the orthorhombic (O-NbyOs), monoclinic (M-Nb,Os), and
hexagonal (H-Nb,Os) Nb,Os structures all showed band gaps of 3.77, 3.79, and 3.85 eV respectively.
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Greener et al., studied the electrical conductivity of x-Nb,Os monocrystalline and sintered specimens,
under a constant ambient oxygen pressure and over the temperature range of 300 to 900 °C, and
reported that they exhibit an exponential temperature dependence with an activation energy of 1.65 ev
(Figure 3) [81].
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Figure 2. The tauc plot of (ahv)? against photon energy (hv) of (a) hexagonal, orthorhombic and
monoclinic Nb,Os nanofibers. Reprinted with permission from [64]. Copyright 2010 ACS Publications.
(b) orthorhombic Nb,O5 nanorods along with nanotubes evaluated at room temperature. « is defined
as the coefficient of absorption [80].
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Figure 3. (a) The electrical conductivity of the sintered a-Nb,Os together with the electrical conductance
of Nb,Os single crystal against 1/T for the specimens heated in air. (b) The electrical conductivity of the
sintered a-Nb,Os against the partial pressure of oxygen [63,81]. Reprinted with permission from [81].
Copyright 1961 AIP Publishing.

2.3. Optical Features

The optical features of Nb,Os have been experimentally examined by several techniques which
are inclusive of spectrophotometry and spectroscopic ellipsometry [82,83]. Within the presence of
H+ and Li+ ions intercalating ions, Nb,Os has been proclaimed to be worthy of reversible and quick
coloration. This trend is stated to be capable of modulating the transmission of optical Nb,Os from a
quasi-transparent phase (T~85%) to below T~10% in the visible or near infrared (IR) spectrum, and the
ultraviolet (UV), and based on the nature of the film’s crystallinity, may display either of a blue or
brown complexion [63,84,85]. As shown in Figures 4-6, Nb,Os can effectively absorb light within the



Coatings 2020, 10, 1246 6 of 28

near UV regions and the UV regions of the spectrum based on its crystallinity and film structure or can
as well be utilized as a UV-light transparent material. It has been recorded that the refractive index of
Nb,Os5 films is in the range of 2 to 2.3 [86], with the film’s crystallinity making an important difference
towards the material’s refractive index while decreasing from 2.30 to 2.20, after heat treating to 700 °C
from room temperature [87].
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Figure 4. Luminescence spectra of the Nb,Os:La (0.9%) Eu (0.1%) sample heat treated at varying
temperatures: (a) Excitation spectra (A em: 614 nm); (b) emission spectra (A exc: 275 nm); (c) emission
spectra (A exc: 394 nm); (d) emission spectra (A exc: 465 nm) and € emission spectra (A exc: 525 nm) [88].
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Figure 5. Absorption spectra of the NbOx deposits on a quartz glass substrate attained by dual
beam transmission measurement and reagent powders of NbO, NbO, and Nb,Os5 evaluated with an
integrating sphere [89].
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Figure 6. Transmittance spectra of niobium oxide (Nb,Os) films deposited at different cathode
power [90].

2.4. Mechanical Properties

The mechanical features of Nb,Os are of great significance in the manufacture of electronic
appliances, particularly in the production of actuators and flexible mechanical components, for
example micro-electro-mechanical devices. A bending analysis is vital for flexible device applications
so as to control the stretching effects on the performance of the device and ensure that all element layers
are secure after numerous thousands of flexes [63]. Stress as well as strain usually exists in thin films
as a result of the deposition method or the limitations the substrate has been subjected to. Young’s
modulus (Er) and average hardness (H) values for Nb,Os deposited films are identified to be within
the ranges of 117 to 268 Gpa and 5.6 to 6.8 Gpa, which again is affected by the crystal phase [87,91].
One of the most popular bending test methods which is a collapsing radius test was utilized in MIM
capacitors for sputtered Nb,Os thin films, and the data collected indicated tolerance of about 2500
flexes [63].

3. Methods of Deposition

The deposition of Nb;Oy, thin films can be carried out via different techniques. This section
analyzes and addresses the various fabrication methods and reaction systems towards the production
of niobium oxide thin films. The different deposition processes are faced with different challenges
which hinder the production of high-performance niobium oxide thin films. These challenges range
from; the operating conditions of the process, the presence of impurities, nanoparticles resulting
from homogeneous reactions, nature of precursor, type of solvent, slow deposition rates, to mention
but a few. Nevertheless, additional information on each of the deposition procedures as well as the
Biocompatibility of niobium oxide coatings can be found in the Supplementary Materials of this study.

3.1. Sol Gel

The sol-gel technique, as displayed in Figure 7A, is a low temperature process which has
been broadly studied in different fields of technical and engineering applications to produce metal
oxide nanostructures. It is a process in which small molecules are used to produce solid materials.
This approach is utilized for manufacturing metal oxides of various kinds. Several studies have
been conducted with regards to the production of thin films of niobium oxide. Inclusive, is the
characterization of the sol-gel manufactured niobium pentoxide thin films to be used in electrochromic
devices by Nilgun et al. [92]. They reported that the films after being cycled in a solution of propylene
carbonate (PC) of 1 M LiCIOy, showed electrochromic properties after the electrochemical insertion
(reduction), along with the extraction (oxidation) of lithium. The films of niobium pentoxide which
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indicated reversible optical switching between 320 and 870 nm, however, were discovered to be
electrochromically passive at the infrared region. The authors stated that the surface analysis test with
the use of the X-ray photoelectron spectroscopy (XPS) revealed minimal variation in the chemistry of
the as-deposited Nb,Os films. However, the reason for this minimal variation was not stated. These
films were amorphous when characterized through the X-ray diffraction (XRD) process. Nilgun and
Co. explained that the measurements of the optical transmittance in combination with the cyclic
voltammograms, alongside the XPS spectra, disclosed the electrochromic behaviour of the films to
have occurred as a result of inserting the Li * cations inside the niobium pentoxide films.

In a different study by Macek and Orel [58], they investigated the electromorphic sol-gel derived
niobium oxide film. The structure of the xerogels, oxide powders and the equivalent films were
analysed with the use of X-ray diffraction (XRD) together with the Fourier transform infrared (FI-IR)
spectroscopic measurements. The authors explained that the electrochromic characteristics for the
heat-treated crystalline films were conspicuous at 500 °C and showed a 60 percent transmittance
adjustment (TA) in the ultraviolet (UV) and an 80% TA in the visible (VIS), in addition to a near-infrared
(NIR) region between the coloured and bleached states respectively. Enhanced bleaching as well
as increased reversible electrochromism of the thick films of niobium oxide of thickness greater
than 250 nm, were acquired through lithiation. Macek and Orel also reported that electrochromic
(EC) devices were further prepared through the assembly of an Nb,Oy film as well as a lithiated
niobium oxide film with varying thickness, amidst a hybrid inorganic/organic Li* ionic conductor
(organically modified electrolyte-ormolyte) and a molybdenum and antimony doped tin oxide (SnO,:
Sb (7%): Mo (10%)) counter electrode films. It was revealed that the EC devices displayed appropriate
colouring/bleaching kinetics of less than 2 min, with colouring/bleaching transformations of around
40-50%.

The sol-gel technique acquires the following benefits over other deposition methods for Nb as
stated in Table 2; ability to deposit on distinct surfaces, has a straightforward deposition process,
requires no expensive equipment. The sol gel process is relatively less expensive compared to other
deposition methods and it needs only minimal energy consumption. However, the sol gel technique
acquires the disadvantages of being moisture sensitive, high cost of precursors, coupled with the
tendency of its wet gel shrinking when dried [93-96].

Sol-gel spin coating

Sol-solution for spin coating f

Sol-gel dip coating

Substrate dipping
into solute bath

(A) (B)

Figure 7. (A) Sol-gel Processing Schematic Diagram, (B) SEM micrographs of Nb,Os: (a) Sol-gel (NH 4
OH) Nb,O5—750 @BULLET C for a resolution of 1 um; (b) Pechini (NH 4 OH) Nb,Os—750 @BULLET
C for a 100 nm resolution; (c) Pechini (HCI) Nb,Os—750 @BULLET C for a 100 nm resolution; and (d)
pechini (HNO3), Nb,O5—750 @BULLET C for a 100 nm resolution [97].
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3.2. Chemical Spray Pyrolysis

This is a process whereby a nanostructure is derived when the precursor already dissolved in a
solution of the solvent is either sprayed or injected at ambient atmosphere, into extremely fine droplets
of 1-2 um by making use of high air pressure stream with the aid of a nanoporous nebulizer on the
heated substrate in the furnace. This thus, brings about pyrolysis/decomposing of the precursor for the
formation of the desired end product on the substrate as demonstrated in Figure 8A. [98]. There exist
numerous studies for manufacturing niobium oxide films using the spray pyrolysis approach. One of
these studies is the deposition of thin films of Nb,Os through chemical spray pyrolysis performed
by Romero et al. [99]. SEM and XPS analysis were carried out on the films to determine the surface
structure and chemical composition of the film. The authors reported that the Nb,Os thin films
which were prepared from a precursor solution of 107> M NbCls on fused silica and glass substrates,
possessed compact material with excessive surface roughness. However, the surface texture of the film
decreased with increasing substrate temperature between 350 °C to 500 °C as the deposition velocity
decreased. It was observed that all the as-deposited films possessed an amorphous structure, but there
was no detailed explanation for this observation. Romero and Co. also revealed that post-annealing
the films in air to temperatures above 500 °C lead to a twisted hexagonal crystal phase.

17 Spray gun

Precursor solution

Teservoir Pressure Compressed carrier gas

regulator

& Spray nozzle

Substrate
Thermocouple i

4 Steel plate

_oversupt | e

(A) (B)

Figure 8. (A) Schematics of the chemical spray pyrolysis set up, (B) (a) Cross-section SEM image
of an Nb,Os film on glass and (b) SEM image of the surface of an Nb,Os film on fused silica, both
deposited by 30 min spraying and substrate temperature of 350 °C. Reprinted with permission from [99].
Copyright 2004 Wiley.

In another study, Romero et al. [100], investigated the electrochromic behaviour of thin films of
Nb,Os with distinct morphologies. Two varying procedures (single precursor solution injection and
dual precursors solution injection) were used for the stabilization of the NbCls precursor to attain thin
films of Nb,Os by the spray pyrolysis process. With respect to the SEM analysis (Figure 8B), Romero
and Co. explained that thin films of niobium oxide with distinct surface morphologies can be attained
based on the procedure applied during the process. This can be determined by the manner of injection
of the precursor solution into the airstream of the spray nozzle. From the XRD analysis, they reported
the structural qualities of the Nb,Os thin films to be dependent on the temperature of post-annealing,
since the as-deposited films were amorphous irrespective of the type of synthesis process utilized. The
authors stated that the electrochromic properties which were estimated for all the films, revealed that a
25.5 cm?/C monochromatic colouration efficiency, together with a cathodic charge density of about
24 mC/cm?, were discovered to produce optimum results for the thin films of niobium oxide achieved
by the spray pyrolysis process. Chemical spray pyrolysis method possesses the merits of materials



Coatings 2020, 10, 1246 10 of 28

being easily doped, increase in film growth, and the final product possessing chemical homogeneity.
The drawbacks of this method include, challenges in scaling up, excessive low yield, and the possibility
of the sulphides oxidizing when being processed in air [98,99,101,102].

3.3. Sputtering

As demonstrated in Figure 9A, the sputtering method includes the ejection of a material from a
target source onto a “substrate” for example, a silicon wafer. There are numerous sputtering processes,
which include magnetron, diode, and ion beam sputtering. However, the most popular approach
for the growth of thin films through the sputtering deposition process is via a magnetron source,
whereby positive ions present in the plasma of a developed magnetic glow discharge, bombards the
target [103]. Several works have been implemented with the use of the sputtering deposition process
which include Venkataraj et al.’s [7] study of the temperature annealing effect on the structural and
optical qualities of sputtered films of niobium oxide. Here, the authors stated that the Rutherford
backscattering measurements showed no stoichiometry variation between the films after the annealing
process of the Nb,Os amorphous films, with the amorphous NbO undergoing the process of oxidation
to become Nb,Os. Even though the rationale behind the lack of stoichiometry variation between
the films was not indicated, the XRD analysis revealed the as-deposited films to be of amorphous
structure, and were merely crystallized at about 500 °C, with the SEM morphology of Nb,O5-GLPP
in Figure 9B revealing the different structural views of the film after calcination at temperatures of
430 °C and 500 °C respectively. The X-ray reflectivity (XRR) studies disclosed a constant increment
in the film density with a rising annealing temperature. They reported that the optical spectroscopy
alongside the spectroscopic ellipsometry affirmed the refractive index (n) and also the band gap (eV)
to have increased with an increasing annealing temperature. It was indicated by the authors that
the variation in the refractive index with the niobium oxide films density was noticed to support the
principle of Clausius-Mossotti.

While another study by Foroughi-Abari and Kenneth [9], on the growth properties and structure
of sputtered thin films of niobium oxide, explained the deposition regarding the niobium oxide films
through the implementation of the pulsed dc magnetron sputtering with varying oxygen flow rates
and gas pressures. The authors performed XPS and AFM analysis on the film. This was to determine
the gas pressure effect on the composition of the film and the film thickness as well. They reported to
have discovered that the required flow rates for oxygen for the manufacture of Nb,Os, NbO, and NbO
at a fixed absolute pressure of 0.93 Pa, were proximately 6, 4 and 2 sccm accordingly. The obtained
results revealed that the films qualities, especially that of composition, could be changed significantly
through the absolute gas pressure, together with the flow rate of oxygen.

Sputtering method has the advantage of processing materials with high melting point. It is also
capable of depositing a vast range of metals, alloys, composites and insulators with zero x-ray defects.
However, this process has some limitations which include, low deposition rates of some materials,
expensive sputtering targets, and the dielectrics requiring radio frequency (RF) sources [103-106].
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Figure 9. (A) Schematic diagram of the sputtering deposition process. (B) SEM images showing the
top view (a) the cross-sectional view (b) of sputtered niobium thin films. The SEM images of anodized
Nb;,Os: (c) Top view and (d) cross-sectional view showing the Nb,Os-EGAF after heat treating at
430 °C, (e) top view and (f) cross-sectional view of Nb,O5-GLPP after calcining at 500 °C. Reprinted
with permission from [107]. Copyright 2013 Royal Society of Chemistry.

3.4. Pulsed Laser Deposition (PLD)

In the PLD process, in order to prevent disturbance from the ambient atmosphere, the target
material together with the substrate are kept in a vacuum chamber, with the directed pulsed laser
beam entering the chamber through a fitting opening as illustrated in Figure 10a [108]. Amongst
the numerous works conducted with the use of the PLD process, Gimon-Kinsel and Balkus [18],
carried out a study on the PLD of mesoporous thin films of Nb,O, together with its application on the
development of chemical sensors. The as-prepared films underwent SEM as shown in Figure 10b, XRD,
and FTIR characterizations, as such the authors stated that the PLD of the mesoporous niobium oxide,
Nb-TMS1, and the post-hydrothermal treatment result of the mesoporous thin film had what appeared
as a three-dimensional disorganized hexagonal shape, with the cause of the disoriented shape not
certain. The thin films of the mesoporous Nb-TMS1 were used as a dielectric phase in the chemical
sensors of capacitive-type. They discovered the mesoporous niobium oxide-based sensors to be the
sensors with excellent humidity, displaying capacitance transformations of at least 10 times above that
of methanol, nitrogen, acetone, and ammonia. Also, it was stated that the Nb-TMSI reliant sensors
exhibited H,O responses that were a thousand times beyond that of the dense Nb,Os5 based sensors
formed by the PLD process.

In a different study by Kyooho et al. [109] they examined the leakage conduction movement within
an amorphous resistive-switching thin film of Nb,O, squeezed in-between electrodes of platinum. The
films which were grown with the use of the pulsed laser deposition approach, demonstrated unipolar
kind of resistance switching properties. The different structural properties of the film were performed
using the XRD, RBS, and XPS analysis. The authors explained that the current-voltage features during
the initial insulating resistance state (IS) as well as in the bistable high-resistance state (HRS), were
formed through the utilization of different leakage conduction mechanisms. They revealed that the
electroforming process brought about a variation of the dominant conduction mechanisms within the
IS and the HRS. Thermionic emissions were also noticed in both the IS and HRS. However, there was a
smaller thermal activation energy noticed in the HRS, and the cause of this was not reported.

High versatility for the deposition of materials with distinct film thicknesses, fast, flexible and
inexpensive deposition processes are some of the advantages of the PLD process. So also, irregular
material coverages, occurrence of splattering liquid droplets, and loss of evaporative materials are
significant disadvantages of the process [110-113].
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Figure 10. (a) Schematic illustration of the pulsed laser deposition process. (b) Scanning electron
microscope images of the laser deposited Nb-TMSI film morphology (A) and film cross-section (B).
Reprinted with permission from [18]. Copyright 1999 Elsevier.

3.5. Biased Target Ion Beam Deposition (BTIBD)

The reactive BTIBD method was established as an improvement for the traditional IBD, with
the main advantage of being able to use a low energy ion source which generates inert gas ions of
excessively high-density that possess extremely low energy [114] (Figure 11A) [49]. In a bid to acquire
more knowledge about the BTIBD method, several studies have been carried out which include the
synthesis of epitaxial thin films of NbO; on the substrate of Al,O3 (0001) by Wang et al. [49]. Using
the XRD along with the Raman spectra the authors confirmed the pure deposited NbO; film to be
of tetragonal phase. With the application of the XPS, they discovered a thick layer of approximately
1.3 nm of Nb,Os at the surface, with the majority of the thin film being NbO,. They also determined
the epitaxial relationship pertaining to the NbO, film with the substrate and calculated an electrical
transport measurement at 400 K. Wang and Co. also performed AFM analysis (Figure 11B) on the film
and reported the root mean square (rms) surface roughness to be 0.12 nm.

Another study by Kittiwatanaku et al. [114] illustrated the modification of the surface morphology
of Nb;Oy thin films of 10-100 nm. Application of the AFM analysis revealed that the target current
(IT) in conjunction with the target bias (VT) were the primary variables, and thus were identified
to be essential for the control over the surface morphology and crystallinity of the Nb,Oy films.
Using the XRD, the authors reported that improved growth conditions produced a Nb,Oy film with
50 nm thickness alongside a 0.4 nm root-mean-square roughness, which was an order of magnitude
finer than the Nb films formed via the sputtering deposition process. The vital superconductivity
temperature had a close value with the entire Nb (9.3 K) and also had a remarkable homogeneous
transformation as reported by the authors. Although, the basis of this impressive transformation
was not explained, the standard of the Nb,O, film was apparent when an extremely thin layer of
proximity (0.75 nm) was present. They disclosed that the outcomes from the experiment showed that
the formation of fine Nb,O,, films with the predicted superconductivity by the BTIBD process could
function as base electrode for either in situ magnetic layer or as an insulating layer in superconducting
electronic systems.

Apart from being able to use a low energy ion source, the BTIBD deposition process has the
advantage of controllability of the ions incident on the growing surface, and produces high quality
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surfaces as well. It also enables variations of independent ion species as well as current density of
the ion beams. However, high complexity level, high cost of maintenance, low deposition rates, and
difficulty in scaling up are some of the disadvantages of this process [48,114,115].

Target shield

a
Co
6x 20m target assembly

AR FeMn

(B)

Figure 11. (A) Diagram of the biased target ion beam deposition, (B) SEM images of thin film surfaces

deposited via ion beam deposition process. Reprinted with permission from [116]. Copyright 2014
Taylor & Francis.

3.6. Electron Beam Evaporation (E-beam)

The E-beam evaporation method is a PVD process, which at relatively low substrate temperatures
produces a high rate of deposition between 0.1 um/min and 100 pm/min. The evaporation process
occurs in a vacuum, typically at a pressure of 107> torr. A current of 5 to 10 kV is passed via a
tungsten filament which heats it up to the moment where thermionic emission of the electrons occurs
(Figure 12a) [117]. In order to have more understanding of the electron beam evaporation process,
Ahmad et al. [118] examined the effect of the preparatory conditions on the optical characteristics of
niobium oxide thin films. The authors explained that the primary parameters of deposition, which
included the partial pressure of oxygen alongside the temperature of substrate, which were constant
during the film deposition process, influenced the optical features of the E-beam evaporated films
of niobium oxide. They reported the entire deposited films to be of amorphous structure as shown
with the XRD analysis. The authors also reported to have observed considerable variations within
the optical constants and the optical energy bandgap after alterations were made to the preparatory
conditions of the process. These changes are in relation to the equivalent compositional variations,
noticed in the Rutherford backscattering spectroscopy (RBS), during the oxygen to niobium atomic
ratio of the films formed under varying conditions.
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Figure 12. (a) Schematic illustration of the Electron Beam Evaporation process, (b) (A) SEM surface
and (B) cross-sectional view of the thin films deposited on the Alloy 600 substrate with a molar ratio in
the film of 1 La:1 Nb. Reprinted with permission from [118]. Copyright 2019 IOP Publishing.

A different study by Bockute et al. [119] investigated Lanthanum niobium oxide (LaNb;O15) thin
films produced via the application of the electron beam physical vapour deposition (EB-PVD) process.
The outcomes from the XRD spectra study showed that both La;O3 and Nb,O,, films possessed distinct
rates of deposition, which meant that the stoichiometry of the materials in the produced thin films
were different from the original material prior to the evaporation process. The 1 La:1 Nb stoichiometry
was attained when the initial oxides molar ratio was 1.3 LayO3:1 Nb,O,. This meant that equal reactant
of Lanthanum and niobium were attained only when the molar ratio of their initial oxides were in
the ratio of 1.3:1. Through the SEM analysis (Figure 12b), Bockute and Co. stated that the prepared
thin films all possessed amorphous kind of structures. They also reported that the molar mixing ratio
of Lay0O3 together with Nb,O, powders had no effect on the thin films’ crystallinity, however, the
reason for the lack of effect was not specified. Bockute and Co. made a discovery on the refractive
indexes being contingent on the volume of lanthanum contained in the thin films, with also having
the possibility to reduce with a rising lanthanum quantity. They also realized the measured optical
band gaps of the films to be between the ranges of 3.69 to 3.9 eV [98]. The E-Beam method of film
fabrication has high efficiency in material utilization, extremely high deposition rates and provision
for morphological and structural film control as its advantages. While disadvantages of this process
include, not being able to coat the internal surfaces of complex geometries, X-ray destruction, difficulty
in enhancement of its step coverage [120-122].

3.7. Electrochemical Deposition Process (ECD)

The electrochemical deposition process functions based on certain basic electrochemical
characteristics [123]. Anode and cathode electrodes are submerged in an electrolytic solution already
consisting of liquefied metal salts, in addition to some other ions that allow sufficient current flow as
demonstrated in Figure 13A. Lee and Crayston [124] explored different approaches for electrodepositing
niobium oxide via aqueous and non-aqueous solutions. The techniques which were applied depended
on the pH electrochemical control that resulted in the hydrolysis of soluble, precise niobium precursors,
which brought about the deposition of oxides at the electrode. In the non-aqueous solution which
comprised of niobium alkoxides, the authors described that hydroxide ions were created using the
two-electron reduction of tertiary alcohols at ¢ —2.5 V, which reacted with the niobium precursor,
generating a niobium oxide film on the collapsing electrode of mercury. However, they stated
that hydroxide formation through the reduction of oxygen to superoxide within the O, -saturated,
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non-aqueous solvents consisting of NbC1, was not able to produce niobium oxide films, even though
the rationale behind this was not explained. During the acidic aqueous solution which contained
species of [NbCl51,~], Lee and Crayston described an increase in the local pH close to the electrode,
with the development of hydrogen prompting the deposition of niobium oxide away from the electrode.
While in the aqueous alkaline solutions of niobates K,H [NbO] or tetramethylammonium [Nb19Ogs],
the protons formed via electrochemical oxidation of water at a value greater than +1.5 V effected the
fabrication of combined films of niobate and niobium oxides over the electrode, following an interval
of more than 30 min. The different fabricated film’s structure and compositions were characterized
with the use of SEM (Figure 13B), XRD, and FTIR.

In a separate study by Cai et al. [125], a synthesis was conducted on niobium(V) ethoxide
C10H25NDbO5 by making use of the electrochemical reaction of ethanol, with the anode represented as
niobium plate, stainless steel utilized as cathode, and tetraethylammonium chloride (TEAC) being
the additive for conduction. The sample which underwent characterization via the Fourier transform
infrared (FTIR) spectra, the Raman spectra, as well as the nuclear magnetic resonance (NMR) spectra,
demonstrated that the sample was niobium ethoxide. The impurity concentrations of the metallic
elements within the product were revealed through the ICP-MS, and this showed that purity level of
the sample could go as high as 99.997%, as reported by the authors. They further pointed out that
volatility, together with purity of the niobium ethoxide assures that it makes an excellent precursor in
the CVD and ALD of niobium oxide layers.

The ECD process unlike the chemical spray pyrolysis process has the advantages of scalability,
affordability and simplicity as its merits. However, it has the propensity to produce non-conformal
growths on irregular surfaces, consumes a lot of time, and is a source of pollution through waste
disposal derived from the electroplating process [126-128].
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Figure 13. (A) Schematic diagram of the Electrochemical Deposition Process, (B) SEM images of

niobium oxide films derived from the cathodic deposition of an acidic (pH 2.5) solution of niobium
peroxo complexes at potentials of (a) 200, (b) —200 [129]. Reprinted with permission from [129].
Copyright 2013 Springer.

3.8. Chemical Vapour Deposition Process (CVD)

The traditional CVD process comprises of a combination of gaseous reactant precursors transported
simultaneously to a reactor chamber (Figure 14A). The reactant precursors consequently undergo
reaction with the heated substrate material resulting in thin solid films on the surface of the substrate.
One of the multiple studies using the CVD technique was conducted by Bharti and Rhee [36] on the
growth of thin films of niobium oxide through absolute liquid injection CVD with the use of Nb(C,Hs)s5
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as precursor. Interpreting the XDR analysis, the authors reported that the films were only noticed to
begin crystallization at a temperature higher than 340 °C in the O, atmosphere, and became crystalline
at a temperature of 400 °C. The crystalline films possessed a surface texture that was greatly influenced
by the temperature of deposition and the reactant’s molar ratios. They stated that a reduction in the
surface coarseness enhanced the leakage current. However, the relationship between the film’s surface
coarseness and the leakage current was not stated. The XPS analysis revealed the films to be in distinct
states of oxidation (Nb%*, Nb*+ and Nb°*). It was also observed by the authors that the dielectric
constants of the films were increased via an increment in the oxygen ratios. They reported that at a
ratio of 150:1, the film exhibited high dielectric constant of 47 when at a temperature of 340 °C and a
2.0 x 1075 A/cm? leakage current density at 3 V.
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Figure 14. (A) Schematic diagram of a conventional CVD reactor, (B) SEM images of nanostructured
Nb,Os thin films formed at varying substrate temperatures within the ranges of (a) 500 °C to (f) 1000 °C,
in intervals of 100 °C. [130]. Reprinted with permission from [130]. Copyright 2016 ACS Publications.

A similar study by Fiz et al. [130] reported on the characterization, the electrochemical
characteristics, and the controlled synthesis of various Nb;Oy polymorphs grown through the CVD of
novel single-source precursors. The films of Nb,Oy prepared at varying temperatures revealed the SEM
(Figure 14B), and XRD analysis systematic phase transformation from a low temperature tetragonal
(TT-NbyOs, T-Nb7Os) to a high temperature monoclinic modification (H-NbyOs). Also, with respect to
the AFM analysis, the authors noted an improvement in the precursor flux and substrate temperature
which permitted phase-selective growths of Nb,O, films and nanorods on the conductive mesoporous
biomorphic carbon matrices (BioC). The thin films of Nb;Os, which were prepared on the monolithic
BioC scaffolds resulted in composite materials that integrated with the nanostructured niobium oxide’s
high capacitance. Heterojunctions within the composites of Nb,Os/BioC were discovered to be of
importance in the electrochemical capacitance, though their level of importance was not defined. From
the XPS study, the authors stated that the electrochemical analysis of the composites of Nb;Os/BioC
revealed that little quantities of Nb,Os (as low as 5%) and BioCarbon had caused an increase of 7-folds
in the electrode capacitance, while transmitting excellent cycling stability, and getting the materials
perfectly appropriate for electrochemical energy storage applications.

The CVD process possesses the advantages of; the derived films being fairly conformal, enables
high deposition rates of material, and allows concurrent introduction of materials. Some of its
disadvantages includes, inappropriate for extremely thin films, lacks conformity on substrate surfaces
of very high aspect ratios, uses high deposition temperatures [131-134].
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3.9. Atomic Layer Deposition (ALD)

As demonstrated in Figure 15A, the ALD cycle generally constitutes a cycle of four steps, performed
based on the number of times required in order to attain the needed deposition film thickness, and
these four steps are dependent on time measured in seconds. The ALD process is a crucial method for
the manufacture of semiconductor products and it is also among the tools set available for nanomaterial
synthesis. For the purpose of acquiring more knowledge on the ALD processes, several studies
have been conducted with the use of the process which include, the resistive switching behaviour
of NbyOy analysed as favourite for subsequent generation of non-volatile memory technology by
Chen et al. [135]. At 300 °C, the authors stated that the crystalline form of the films deposited was
detected to be of polycrystalline form with the use of the XRD analysis, although the film structure
below 300 °C was not revealed. Also, a calculation carried out on the film through the application of
the XPS studies, discovered the film to have a deficiency in oxygen. Chen and Co. explained that the
low resistance “ON” state (LRS), together with the high resistance “OFF” state (HRS), were altered
reversibly with a minimal voltage of around +1 V for the reaction process. They reported that over a
thousand reproducible switching cycles performed by the DC voltage sweep could be noticed to have
resistance ratios beyond 10, this was quite significant for memory applications. They further revealed
that the HRS along with the LRS of the components were steady for over 5 x 10* s, thus showed no
sign of any degradation whatsoever during the test.

Atomic Layer Deposition Process

A) | (B)

Figure 15. (A) Schematic representation of an atomic layer deposition (ALD) process, (B) top view
illustrating the scanning electron microscopy (SEM) micrographs of N = niobium thin films fabricated
at distinct substrate temperatures of 25-700 °C. The data illustrated are for niobium films prepared at:
(@) 25 °C, (b) 100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 500 °C, (g) 600 °C, and (h) 700 °C [140].
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Table 2. Merits, Demerits, and Applications of the Different Deposition Methods.
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Methods Merits Demerits Applications References
(1) It allows the deposition of thin films . . .
on different surfaces (1) It is moisture sensitive. Piezoelectric devices, catalysts
Sol-gel (2) Due to the roces's being a simple one (2) Possibility of high cost of precursors, superconductors etc, are somel of [93-96]
& ) . P . 5 P " (3) Tendency of the wet gel to shrink pereor A
it requires no expensive equipment. . the film’s applications process.
(3) Energy Consumption is minimized when dried.
(1) Easy addition of doping materials. (1) Scaling up can l.)e quite C.h allenging.
(2) Increased film growth rate (2) It has an excessive low yield, It is applied in solid oxide fuel cells
Chemical Spray Pyrolysis . ) . (3) There is the possibility of the 7 [98,99,101,102]
pray ryroly (3) The final product possesses chemical P 4 sensors, and solar cells
homogeneit P P sulphides oxidizing when being ! '
& 4 processed in the air.
() Ml W mling PO () o depston s ofsome o PPN compute ard ik
Sputtering (2) Capable of depositing a vast range of materials. . . transistors, polymerization and [103-106]
metals, alloys, composites and insulators (2) Expensive sputtering targets. dehydration processes, capacitors
’ ’ " (3) Dielectrics require RF source. ; ! !
(8) Zero X-ray defect. optical systems.
(1) High versatility for the deposition of S))Vlt;trgzzsesses irregular material The microelectronics, hybrid
Pulsed Laser Deposition materials of dlSFmCt film thlckn('esses. (2) There is the occurrence of splashin, sysFemg super.conductors, anc'l [110-113]
P (2) The process is a fast and flexible one P &  optical industries are some of its
@) Itis iI;wx ensive " of liquid droplets, and solid particles. fifm applications
p ’ (3) Loss of evaporative materials. PP ’
(1) The ions incident on the growing
surface can be controlled. (1) High complexity level. It is used in the application of
Biased target ion beam (2) Enables the variation of independent ~ (2) Cost of maintenance is high. circuits, electronic devices, high [48,114,115]
deposition ion species as well as current density of ~ (3) Possesses low deposition rates and  reflective mirrors, RF neutralizers, T
the ion beams. scaling up difficulties. quartz discharge chambers.
(3) High quality of surface.
(1) Its efficiency in material utilization is (1) Interr}al surfaces of complex. . . .
uite high geometries are hardly coated using this It is made use of in fuel cells, solar
Electron Beam ?2) There i.s extremely high deposition Process. energy layers, bio medics, thermal
y g P (2) Step coverage are not easil barrier coatings, wear-resistance, [120-122]
P & y &

Evaporation

rate.
(3) Provision of room for morphological,
as well as structural film control.

improved.
(3) E-beam evaporation could lead to
X-ray destruction.

hard coatings, and thin-film solar
applications.
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Methods Merits Demerits Applications References
(1) It has the propensity to produce
non-conformal growths on irregular
surfaces. It is applied in sensors, catalysis,
Electrochemical (1) It is quite affordzfll?le. (2) The prc?cedure .involves numerous energy storages, separations
Deposition Process (2) Possesses scalability. metal coatings which consumes a lot of  techniques as micro separators, and  [126-128]
(3) Very simple to use. time. in template synthesizing of
(3) There is the issue of waste disposal =~ nanomaterials
derived from the electroplating process,
as it pollutes the surroundings.
. o Employed in conductor
(1) The films derived from the CVD flle)cl(;lslfi?ydeposmon temperatures are a applications, as well as in
Cheml'C?ll Vapour process are félrly confo'rr'nal. . (2) Not suitable for extremely thin films. dlele.ctrlFs, high-temperature, [131-134]
Deposition (2) There is high deposition rate of film. (3) Lacks conformity on the surfaces of passivation layers, solar cells,
(3) Concurrent materials introduction. very high aspect ratios composites of fibre, and particles of
’ definite dimensions.
(1) The ALD process produces large areas
and batch depositions since it permits (1) The process acquires a lengthy
only reactions at the interface. deposition rate. Used in the application of
(2) It efficiently creates ultra-uniform thin  (2) The very high cost of the equipment nanotechnology, photonics,
Atomic Layer Deposition  films on surfaces of extremely is also a restraint. nanolaminates, biotechnology [136-139]

high-aspect-ratios.

(3) It is capable of producing film
thicknesses that are precise, reproducible,
and of easy control.

(3) Nanoparticles emission in the
course of the ALD process is as well a
limiting factor.

photovoltaics, as well as many other
applications that are energy related.
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Another study by Huang et al. [61] investigated ultra-thin films of Nb,Os with good uniformity
being deposited on Si (100) with the use of Nb (C;Hs)s5 in conjunction with H,O as precursor species.
The results from the AFM study indicated ultra-thin films of Nb,Os (approximately 3 nm) being slowly
formed into scattered large islands which have rising rapid thermal annealing (RTA) temperature.
They disclosed that the crystalline phase and amorphous phase of the film were created in the Nby,Os
matrix which underwent the process of annealing at 700 °C. With regards to the as-deposited film,
the authors identified through the AFM, an interfacial layer (IL) possessing an approximately 1.5 nm
thickness, consisting of niobium silicate (Nb—O-5i), nevertheless, the reason of this thickness was
unexplained. Additionally, the high-temperature RTA generated a thickened IL, that was in relation to
the production of additional Nb-O-Si bonds along with fresh silicon oxide (Si-O-5i) next to the Si
(100).

Nivedita et al. (2020) in one of his studies, fabricated a NbO thin film through the ALD process
and characterized the films with SEM micrographs at varying substrate temperatures of 25-700 °C as
shown in Figure 15B. They reported that there was a resulting decrease in the Nb films thickness when
the deposition temperature was increased. The advantages of the process include its ability to produce
precise film thicknesses, its reproducibility, and ease of control. The process also efficiently creates
ultra-uniform thin films on surfaces of extremely high-aspect-ratios and allows batch depositions
since it permits reactions only at the interface. Lengthy deposition rates, very high cost of equipment
as well as nanoparticles emission during the course of the reaction are major disadvantages of the
process [136-139].

Furthermore, apart from the sol-gel process being an inexpensive one, the sol-gel process unlike
the most other preparation methods has extensive doping characteristics, this is due to the doping
procedure being able to be controlled. However, there is the challenge of avoidance of residual porosity
and OH groups [141], in contrast to other deposition techniques. Thus, the niobium oxide thin film
produced via the sol-gel process are well suited for sensing and electrochromic properties in contrast
to other fabrication methods. Similarly, notwithstanding the advantages of spherical morphology and
compositional homogeneity, the chemical spray pyrolysis method possesses over other deposition
processes, it also has the benefit of the film’s composition being controllable [142]. Nevertheless, this
system of fabrication possesses the difficulty of ascertaining the actual temperature of the film growth.
Catalytic applications as well as proton exchange membrane applications have more significance in
niobium oxide spray pyrolysis manufactured films than other deposition techniques.

The sputtering process unlike many other manufacturing approaches has the vital benefit of
materials having extremely high melting points being able to be sputtered comfortably (Table 2).
Nonetheless, the process acquires the demerit of a non-uniform deposition flow distribution. Niobium
oxide films produced via the sputter deposition are very suitable for semi-conductor materials,
architectural coatings and computer hard disk [104], in contrast to other preparation processes.

The pulsed laser deposition technique disparate from most deposition techniques possesses the
unique advantage of its source of energy being outside of the vacuum chamber, also, the process
allows most condensed material matter to be subjected to ablation. However, unlike other deposition
approaches, it possesses the disadvantage of some of its plume species initiating re-sputtering and
subsequent defects on the surface of the substrate and the developing film due to high kinetic
energy [143]. Diamond-like coatings and superconducting devices have usefulness in niobium oxide
pulsed lased deposition thin films than other production methods.

The biased target ion beam deposition technique in comparison to other deposition procedures
is distinguished by its reduced process pressure, its exclusive target control and its superior surface
quality [115]. Nevertheless, the process has the demerits of low rates of deposition, high complexity
level compared to most film formation processes. Niobium oxide thin films produced from biased
ion beam deposition process have more importance in electronic devices, reflective mirrors and RF
neutralizers (Table 2).
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Besides the ability of the electron beam evaporation process to heat materials to increased
temperatures, there is also the benefit of high film deposition rates when compared to fabrication
approaches. Irrespective of that, there is the challenge of controlling the film composition in contrast to
other preparation methods, like the sputtering process. The niobium oxide thin films obtained from
the e-beam process are very suitable for thermoelectric materials coatings, solar applications, thermal
barrier coatings contrary to other methods of deposition [121].

The electrochemical deposition process unlike most deposition techniques has the benefit of
an enhanced interfacial bonding involving the material to be coated and the substrate prior to the
application of heat. Though, it possesses the downside of producing non-conformal growths on
uneven surfaces while using this technique [144]. Decorative coatings, energy storages, and separation
techniques are appropriate for niobium oxide thin films produced from the electrochemical deposition
process as against other techniques used for film production.

The CVD process in variation to other manufacturing processes, uniquely has the merits of
concurrent materials introduction, and source materials flowing through the outside reservoirs which
can be replenished without contaminating the growth region [145]. However, the plasma CVD process
encounters difficulties in film stoichiometry control as a result of differences in the bond strengths
of varying precursors. Dielectrics, conductors, and fiber composites all have suitability in CVD thin
films of niobium oxide in contrast to other process of deposition. Notwithstanding, the ALD process
which arguably is the best deposition process ideally distinguishing itself from other deposition
procedures, possesses the advantages of producing ultra-thin films, high density of film, outstanding
film reproducibility, and pin-hole free films amongst many others [146]. However, the process like
every other deposition method has its demerits which include; high material and energy wastage,
nanoparticle emissions, extended deposition time [147]. The niobium oxide thin films produced
from the ALD process are well suited for microelectronics, fuel cells, Li-ion batteries, transistors,
conformal and nano-coatings, microelectromechanical systems (MEMS) in comparison to the other
fabrication processes.

4. Conclusions

With the use of distinct preparation techniques, thin films of NbO, NbO, and Nb,Os were
appropriately produced. The fabricated thin films experienced analysis and, characterization with the
application of varying distinct processes such as, NIR, ICP-MS, XRD, FTIR, XPS, NMR and UV-Visible
spectrophotometer. From this study, the characteristics of the manufactured Nb,Oy thin films such
as film thickness, surface quality, interface properties, and optical properties are all in relation to the
distinct deposition processes implemented. Nb,O, film’s outstanding quality has gained substantial
interest in academia, and its fabrication methods have interestingly already obtained some research
results. Their production technique is predicted to even develop more, and the Nb,O,, film with even
more sustained performance can progressively attain more industrialization with broader application
areas being created.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/12/1246/s1,
Figure S1: XPS spectra showing the empty substrate together with the Niobium-coated steel. The binding energy
of the Niobium peaks was visible at: Nb 3d%? (202 eV), Nb 3d%? (205 eV), Nb 3p>? (360.6 eV) and Nb 3p'/?2
(376.5 eV).
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